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Deep-fat fried food is popular for its unique and desirable characteristics. In this study, 
the effects of deep-fat frying on oil deterioration were analyzed for soybean oil, palm olein and 
palm stearin. Frying performances were studied through 100 cycles of intermittent frying of 
French fries without replenishment of oils. Color changes were noticeable with increased frying 
time. Peroxide value was unstable and fluctuated over time. The p-Anisidine value increased 
fastest for soybean oil, with a final value of 190.84 at 100 cycles. With respect to the content of 
total polar compounds, the stability of the oils decreased in the order of palm stearin > soybean 
oil = palm olein at 100 cycles. Heated control oils showed much lower content of free fatty acids 
than fried oils with French fries. Palm stearin showed highest oxidative stability in p-Anisidine 
value and total polar compounds, however, the solidification of oils on the food surface during 
cooling make it unsuitable for practical use. Oil type was observed to have a significant effect on 
the changes of principal physicochemical parameters during repeated deep-fat frying. 
One of the characteristic features of palm oil is its high content of carotenoids. This 
prompted the study of the effect of β-carotene as an antioxidant in deep-fat frying. β-carotene 
was added to palm olein at a concentration equivalent to the total carotenoids in crude palm oil. 
With respect to p-Anisidine value, the antioxidant contribution of carotenoids was negligible 
under high temperature, as no significant difference was observed between palm olein containing 
β-carotene and the one without. Palm olein containing β-carotene developed higher total polar 
compounds and free fatty acids inversely, indicating a probable pro-oxidant effect of β-carotene 
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Chapter 1 Introduction 
Frying is extensively used both industrially and at home. Deep-fat frying is defined as a 
procedure of completely submerging food in hot oils at high temperatures of 165-190°C 
(Yanniotis, 2007). Fast food consumption is an important component in American diet, with a 
dramatic increase since the 1970s (French, Harnack & Jeffery, 2000). French fries are usually 
served in fast food restaurants, which is one of the largest applications of deep-fat frying. During 
deep-fat frying, many desirable and undesirable compounds are produced through reactions such 
as hydrolysis, thermal oxidation and polymerization (Gertz, 2000). Various factors influence the 
reactions occurring in frying such as frying condition (temperature and time for instance), oil 
types, food materials and replenishment of fresh oil (Choe & Min, 2007). The reutilization of 
frying oils has raised health concerns. The objective of this study was to test whether different 
vegetable oils perform differently in repeated deep-fat frying. Soybean is one of the dominant 
sources of edible oils in the world. Palm olein and palm stearin are two important fractions of 
palm oil. Palm olein has been widely used in fast food outlets for its good frying properties as 
well as comparatively low cost (Ismail, 2005). Palm stearin is popular in shortenings, margarines 
and vanaspatti, however, few studies have been conducted to explore the frying performance of 
palm stearin.  
Carotenoids are important minor components in crude palm oil, which are a family of over 
600 types of fat-soluble, yellow-to-red colored compounds (Rodriguez-Amaya, 2015). 
Epidemiological studies have revealed that intake of carotenoids would decrease the risk of 
cardiovascular diseases and various type of cancer (Mayne, 1996). Carotenoids could serve as 
antioxidants in palm oil; however, they are easily decomposed during refining, bleaching and 
deodorization (RBD) (Zou et al., 2012). The second objective was to mimic crude palm olein by 
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adding β-carotene to RBD palm olein. It is of interest to evaluate the impact of β-carotene on 
reactions occurring during repeated deep-frying. In the current study, performances of frying 
were measured through analysis of physical and chemical parameters. Color change, total polar 
compounds, peroxide value, p-Anisidine value, and free fatty acids were determined to track the 
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Chapter 2 Literature review 
2.1 Deep frying 
2.1.1 Popularity of deep-fried foods 
Over the past several decades, with relatively rapid economical expansion, there has been a 
dramatic change in people’s eating habits and lifestyles. Fast food restaurants account for the 
largest proportion of caloric intake among all carry-out restaurants (Guthrie, Lin & Frazao, 2002). 
Fast food consumption would typically result in increased intake of energy, fat, sodium and less 
consumption of vitamins, fruits and vegetables (Paeratakul et al., 2003). Obesity and over-
consumption of calories from fat have been a big health concern over the years. In 1998, the 
World Health Organization (WHO) reported that the over-weight adults accounted for 
approximately 55% of the total US population (World Health Organization, 1998).  
Fast foods are often cooked by deep-fat frying at high temperatures (e.g., 165 to 190°C). Oil 
content of fried foods reached up to 40%, resulting in excessive energy intake (Bouchon, 2009). 
There is a higher tendency for adults and adolescents to gain weight if they frequently consume 
fried foods outside of home (Taveras et al., 2005). Large quantities of edible oils have been used 
in fast food establishments for deep-fat frying and are typically reutilized multiple times for 
economical considerations. According to USDA Foreign Agricultural Service, annual global 
vegetable oil production in 2018 was 203.83 million metric tons, which increased by 125.23% 
compared to year 2000 (World vegetable oil production, 2019). 
2.1.2 Reutilization of frying oils                        
Frying is one of the oldest and most popular cooking methods world-wide, due to its special 
contributions to the sensory characteristics of foods including color, texture and taste. It is also 
known as an efficient way to process foods, due to its low cost and rapid mass and heat transfer. 
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Deep-fat frying is defined as a procedure of completely submerging food in hot oils at high 
temperatures of 165-190°C (Yanniotis, 2007). Oils are subjected to degradation and deterioration 
under high temperature. Because of oil reutilization, great concern has been raised for the safety 
of deep-fried foods. During deep-fat frying, a series of complicated physical and chemical 
changes will occur.  
2.1.3 Changes during frying 
Upon immersion of foods into the heated oils (approximately 180°C), the moisture inside the 
food transfers to the surface and evaporates into the air. As moisture loss happens at the exterior 
layers, the food temperature rises and the dehydrated surface forms a crust. Due to the negative 
pressure inside the food, oil is also taken up by the food in this process.  
During deep-fat frying, many favorable and undesirable compounds are produced through 
reactions such as hydrolysis, thermal oxidation and polymerization, which are shown in Figure 
2.1 (Gertz, 2000). These compounds are usually classified into two categories: volatile and 
nonvolatile products (Chang, Peterson & Ho, 1978). Some volatile products escape to the 
atmosphere, contributing to the flavor of fried foods, while nonvolatile products remain in the 
oils and undergo further degradation.  
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Figure 2.1. Physical and chemical changes during deep-frying (adapted from Gertz, 2000).  
2.1.3.1 Hydrolysis 
In the presence of steam and oxygen, high temperatures accelerate the hydrolysis of 
triglycerides (Coultate, 1989). Triglyceride hydrolysis generates diglycerides, monoglycerides, 
free fatty acids and glycerol. At high temperatures, glycerol dehydrates to form acrolein, which 
is a volatile unsaturated aldehyde. Acrolein could cause harm to humans by forming DNA 
adducts, harming human respiratory, cardiovascular and nervous systems (Medeiros Vinci et al., 
2012). Acrolein is also a precursor of acrylamide, which has been determined to be “probably 
carcinogenic in humans” (Medeiros Vinci et al., 2012). Free fatty acids are produced during 
hydrolysis of triglycerides. The total content of free fatty acids is also known as acid value, 
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which serves as one indicator of frying oil quality. Higher concentrations of free fatty acids 
generally indicate a lower level of refining and less freshness of the oils.  
2.1.3.2 Oxidation 
During frying, oxygen from the atmosphere will react with the oil. Thermal oxidation has a 
similar mechanism to autoxidation, but is accelerated by high temperature (Choe & Min, 2007). 
It follows a free radical chain mechanism including the three stages of initiation, propagation and 
termination (Nayak et al., 2016).  
Initiation: RH → R• + H• 
Propagation: R• + O2 → ROO• 
ROO• + RH → ROOH + R• 
Termination: R• + R• → RR  
ROO• + ROO• → ROOR + O2 
RO• + R• → ROR 
ROO• + R• → ROOR 
2RO• + 2ROO• → 2ROOR + O2 
At initiation, oxidation of unsaturated fatty acids is initiated by metals, light and high 
temperature to form alkyl radicals (Nayak et al., 2016). In propagation, peroxy radicals are 
produced, forming hydroperoxides. Hydroperoxides are classified as unstable, primary products 
of lipid oxidation (Nawar, 1984). Termination involves combination of radicals to form 
nonradical products. Decomposition of hydroperoxides yields short chain compounds such as 
aldehydes, ketones, alcohols esters, acids and hydrocarbons, known as secondary products of 
lipid oxidation. Peroxides are unstable and the concentration varies as fatty acids oxidize and 
hydroperoxides decompose (Park & Kim, 2016).  
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2.1.3.3 Polymerization 
Both oxidative and non-oxidative polymerization happen during frying. Oxidation product 
polymerization and saturated triacylglycerol polymerization produce monomers, dimers and 
polymers. High degrees of polymerization result in increasing viscosity and oil darkening (Choe 
& Min, 2007). Polymers also cause foaming, preventing steam escaping from the oil and 
accelerating hydrolysis.  
2.1.4 Standards and regulations for monitoring oil quality 
Increased popularity of deep-fat fried food has generated great concerns about potential 
health effects of over-consumption and undesirable product accumulation. It is critical to set up 
standards to regulate frying oil utilization. Many factors influence frying performance, including 
frying time, temperature, moisture content of the foods fried, oil type and presence of 
antioxidants. Many heat-induced compounds produced during deep-fat frying serve as 
parameters to determine the extent of frying oil deterioration.  
In 1973, the German Society for Fat Research was the first to establish regulations for 
deterioration of frying oil with a limit of 1% concentration of insoluble oxidized fatty acids in 
petroleum ether (Paul, Mittal & Chinnan, 1997). Sensory evaluation of frying oils refers to the 
acceptability of color, flavor and odor (Paul et al., 1997). Other parameters such as total polar 
compounds (TPC), peroxide value (POV) and free fatty acids (FFA) are also widely used as 
indicators of frying oil deterioration. Total polar compounds include hydroperoxides, free fatty 
acids, aldehydes, ketones and others. TPC serve as a measurement for frying oils globally 
because of their high stability and accuracy of measurement. In countries such as Canada, 
Austria, Spain, France and Italy, regulations have been set to replace thermally abused frying oils 
when TPC exceed approximately 25% on a weight basis (Dobarganes & Márquez‐Ruiz, 2013). 
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There are no regulations in the United States, but the U.S. Department of Agriculture (USDA) 
has issued guidelines for frying oils, requiring discarding the frying oils when FFA reach 2% or 
higher (Sebastian, Ghazani & Marangoni, 2014). Some countries i.e., India, Brazil and Belgium 
also set standards for FFA, varying from 0.25% to 2.5% (Sebastian et al., 2014). According to 
Gunstone (2008), when POV exceeds 10 meq/kg oil, rancidity and deterioration have occurred in 
the frying oils.  
2.2 Oils used for frying 
As a heating medium, oil is a critical component during frying. Large quantities of oils are 
taken up by the food, usually from 4 to 30% of the weight after frying, affecting the quality of 
the foods. There are numerous sources of frying media, including animal fats, e.g., lard and 
tallow, and vegetable oils. Basic concerns in choosing frying oils are color, flavor, nutritional 
value and economic availability.  
2.2.1 Soybean oil 
Soybean oil is extracted from soybeans. Soybean is one of the dominant sources of edible 
oils in the world. In 2017, the total production of soybean oil was over 20 billion pounds, 
accounting for over 75% of the total edible oils in the US (Johnson, White & Galloway, 2015). 
Soybean oils are widely used for food products including salad dressing, shortenings, baking and 
frying, accounting for approximately 12% of the total caloric intake of the American diet (Hill et 
al., 2008). 
Soybean oil has a unique fatty acid composition with 16% saturated fatty acids, 60% 
polyunsaturated fatty acids and 24% monounsaturated fatty acids (Poth, 2001). Soybean oil 
serves as a good source of unsaturated fatty acids with C-18:3 (linolenic acid) accounting for 7-
10%, C-18:2 (linoleic acid) accounting for 51% and C-18:1 (oleic acid) accounting for 23%. It 
 10 
also contains saturated fatty acids consisting of 4% C-18:0 (stearic acid) and 10% C-16:0 
(palmitic acid). Because of the high content of essential fatty acids (C18:2 and C18:3), soybean 
oil is of great health value. The α-linolenic acid in soybean oil is an essential ω-3 
polyunsaturated fatty acid, helping to lower the risk of cardiovascular disease (Hu, 2003). 
Reducing the percentage of linolenic acid from 8-9% to 1-3% could improve oil stability against 
deterioration (Hammond & Fehr, 1984). Various methods have been applied to modify the fatty 
acid composition of soybean oil, including conventional breeding and hydrogenation. However, 
during hydrogenation, isomerization of unsaturated fatty acids results in formation of trans fatty 
acids, which are detrimental to human health. Thus, finding alternatives is essential.  
2.2.2 Palm oil  
 Palm oil is obtained from the fruit of oil palms (Elaeis guineensis and Elaeis oleifera). It is one 
of the most abundant edible oils and the demand for importing palm oil has been increasing 
rapidly. In 2012, palm oil has overtaken soybean oil as the most produced oil in the world (Oil 
World, 2013). In 2015, industrial usage of palm oil increased to 16.5 million tonnes, compared 
4.5 million tonnes in 2003 (Anon, 2015).  
 Different from soybean oil, palm oil contains 52% saturated fatty acids, 38% monounsaturated 
fatty acids and 10% polyunsaturated fatty acids (Berger, 2001). The predominant fatty acids are 
C-16:0 (palmitic acid, 44%), C-18:1 (oleic acid, 39%) and C-18:2 (linoleic acid, 10%). 
Considering the highly saturated and oxidatively stable characteristics of palm oil, it is widely 
used in the world for food applications. However, great discussion has been focused on the 
health effects of palm oil, because over half of the fatty acids are saturated. In 2013, it was 
reported that there is no specific epidemiological evidence proving a clear relationship of 
palmitic acid or palm oil in cancer or cardiovascular disease (Fattore & Fanelli, 2013). 
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 There are several minor components present in palm oil including carotenoids, tocopherols, 
tocotrienols, phytosterol and squalene (Table 2.1). Tocopherols and tocotrienols are known as 
fat soluble Vitamin E, with antioxidant functionality. Epidemiological experiments have 
investigated a possible function of Vitamin E in preventing cancer (Shklar et al., 1996). 
Tocopherols are abundantly present in vegetable seed oils while tocotrienols are available mostly 
in palm and rice bran oils (Sambanthamurthi et al., 2000). The orange-red color of palm oil is a 
result of carotenoids which are also potential antioxidants. Carotenoids are provitamin A, 
providing essential physiologic functions. Phytosterols, known as plant sterols, could also be 
found in palm oil including β-sitosterol, campesterol and stigmasterol. Due to structural 
similarity with cholesterol, phytosterols are used as cholesterol-lowering agents to control 
plasma lipid levels (Marangoni & Poli, 2010). Ubiquinone, also known as Coenzyme Q10, is 
also found in palm oil. In cell membranes and serum, ubiquinone could protect membrane 
phospholipids and low-density lipoprotein from oxidative damage (Ernster & Eallner, 1995). 
These micronutrients contribute to the oxidative stability as well as the beneficial health value of 
palm oil. 
Table 2.1 Micronutrients in palm oil 
Micronutrients ppm 
α-Carotene 30.0-35.16 (Zou et al., 2012) 
β-Carotene 50.0-56.02 (Zou et al., 2012) 
Lycopene 1.0-1.30 (Zou et al., 2012) 
Carotenoids 500-700 (Zou et al., 2012) 
Tocopherol 500-600 (Zou et al., 2012) 
Tocotrienols  1000-1200 (O’Brien, 2010) 
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Table 2.1 (cont.) 
Phytosterol 326-527 (Siew, 1990) 
Squalene 200-500 (Wood et al., 1993) 
 
 2.2.3 Palm oil fractionation 
Various applications in the food industry would require different physical and chemical 
properties of palm oil. Common methods of modifying triacylglycerol composition are 
hydrogenation, fractionation, and interesterification (Gibon, 2012). Fractionation is defined as a 
thermo-mechanical procedure of physically separating a mixture into different fractions with 
distinct physicochemical properties (Kellens et al., 2007). The principle of fractionating palm oil 
is based upon the different crystallization performance of triglycerides. There are three 
commonly-utilized commercial processes of fractionation: dry, solvent, and detergent processes 
(Kellens et al., 2007). The liquid fractions obtained include palm olein, which could be further 
refined, bleached and deodorized (RBD) to exclude undesirable compounds. RBD palm olein is 
widely used as cooking and salad oil. Super olein, produced from double fractionation, contains 
even more unsaturated and less saturated triglycerides. Palm stearin is the hard fraction and is 
popular in shortenings, margarines and vanaspatti.  
2.2.4 Comparison of frying oils  
The quality of deep-fried products highly depends on the frying medium. Frying oil 
performances have been studied (Warner, Orr & Glynn, 1997). Fatty acid composition has a 
significant effect on the stability and quality of the fried foods. High oleic sunflower oil with 78% 
oleic acid tends to have higher stability with low levels of total polar compounds. Another study 
reported that palm olein performed better in terms of oxidative stability than soybean oil in the 
frying of fries (Fernández et al., 2012). Performance of high-olein canola oils with different 
 13 
levels of linolenic acids, sunflower oil, palm olein and hydrogenated canola oil were evaluated 
during 80 hours frying of potato chips (Xu et al., 1999). Linolenic acid concentration plays an 
important role in frying, and low-linolenic canola oil and sunflower oil exhibited the best 
performance followed by palm olein and middle-linolenic canola oil. Palm olein was found to 
have comparable stability to high oleic vegetable oils (Matthäus, 2007). 
2.3 Carotenoids in frying oils 
2.3.1 Carotenoids as natural antioxidants 
Antioxidants are defined as compounds that could inhibit, delay or prevent oxidative 
deterioration in food (Halliwell & Gutteridge, 2015). There are many natural and synthetic 
antioxidants used in preserving foods, including carotenoids, tocopherols, ascorbic acid, BHT 
(butylated hydroxytoluene) and BHA (butylated hydroxyanisole).  
Carotenoids are a family of over 600 kinds of fat-soluble, yellow-to-red colored compounds 
present in many fruits and vegetables (Rodriguez-Amaya, 2015). There are two categories of 
carotenoids, carotenes and xanthophylls. Carotenes are hydrocarbon compounds, including β-
carotene, α-carotene and lycopene. Xanthophylls are an oxygenated group of carotenoids which 
include β-cryptoxanthin, lutein and zeaxanthin. Vitamin A is an essential nutrient critical for 
growth, vision, immune and other metabolic functions (Sommer, 2001). α-Carotene, β-carotene 
and cryptoxanthin are widely studied for being provitamin A in enhancing human health (Zou et 
al., 2012).  
Carotenoids could serve as antioxidants by quenching singlet oxygen (
1
O2) and triplet 
chlorophylls through both physical and chemical mechanisms (Ramel et al., 2012). By capturing 
excitation energy from 
1
O2 or being oxidized, carotenoids show great antioxidative ability. There 
was a positive correlation between the quenching efficiency and the number of carbon double 
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bonds (Conn, Schalch & Truscott, 1991). Carotenoids could also serve as free radical scavengers 
in three main ways, shown in Figure 2.2 (Young & Lowe, 2001). 
 
Figure 2.2. Three mechanisms to scavenge free radicals by carotenoids (adapted from Young & 
Lowe, 2001).  
2.3.2 Pro-oxidant properties of carotenoids 
Some studies indicated that instead of beneficial effects, intake of β-carotene and vitamin A 
supplements adversely increased the incidence of lung cancer and cardiovascular disease 
(Omenn et al., 1996). Carotenoids only show good antioxidant activity at partial oxygen 
pressures less than the normal air environment, which is 150 Torr (Burton & Ingold, 1984). 
Under high oxygen pressure (760 Torr), carotenoids could shift to pro-oxidants and undergo 
autoxidation. The antioxidant and pro-oxidant properties of carotenoids also depend on the 
concentration of carotenoids. High doses of carotenoids applied in in vitro systems have shown 
pro-oxidant effects (Young & Lowe, 2001).  
2.3.3 Palm oil carotenoids  
Palm oil is one of the richest sources of carotenoids, showing much more retinol equivalents 
in comparison to carrots and leafy vegetables (Zachman, 1988). The content of carotenoids in 
crude palm oil ranges from 500 to 700 ppm (Goh, Choo & Ong, 1985). β-carotene and α-
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carotene are two major carotenoids found in crude palm oil. The composition of carotenoids is 
shown in Table 2.2 (Ooi et al., 1994). Carotenoids show great protection against lipid oxidation 
of oils. However, during refining, carotenoids are prone to decomposition. Bleaching and 
deodorization are the major reasons for loss of carotenoids (Zou et al., 2012). 
Table 2.2 Carotenoid composition of crude palm oil (Ooi et al., 1994). 
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Chapter 3 Performance of different oils in deep-fat frying 
3.1 Introduction 
Frying has been one of the most popular and common cooking methods worldwide, due to 
the frying-induced desirable flavors, colors and textures. Deep-fat frying is defined as a process 
of immersing food in edible cooking oils at high temperature of approximately 165-190°C. High 
temperature, exposure to oxygen, and water from food are three major factors resulting in 
degradation of oils. The major chemical reactions could be classified as hydrolysis, oxidation 
and polymerization reactions (Gertz, 2000). Hydrolysis of triglycerides generates diglycerides, 
monoglycerides, free fatty acids (FFA) and glycerol. Free fatty acids and their oxidative products 
produce off-flavors in oils and foods. FFA also work as surface-active agents, improving oxygen 
accessibility and resulting in further oxidation (Choe, 2006). The content of FFA is generally 
used as a parameter to indicate the level of hydrolysis. Many degradation products are produced 
through oxidation reactions. Volatile oxidative products contribute to the desirable fried food 
flavor while many oxidation products are detrimental to health (Singh et al., 2010). Compounds 
produced during frying are typically of higher polarity than triacylglycerols (Aladedunye et al., 
2017). Total polar compounds (TPC) include hydroperoxides, free fatty acids, aldehydes, 
ketones and others. TPC serve as an indicator of regulation of the quality of frying oils in many 
European countries with the maximum content of 24-25% (Gertz, 2000).  
Frying oils are typically reutilized multiple times for economic considerations. Various 
factors, including: frying conditions (temperature and frying time), types of oils and food 
preparation will influence the quality of fried products (Sánchez-Gimeno et al., 2008). Soybean 
is one of the dominant sources of edible oils in the world, serving as a good source of 
unsaturated fatty acids (Poth, 2001; Table 3.1). Palm oil, a highly saturated edible oil, accounts 
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for ~30% of global fat and oil production; in 2008, palm oil passed soybean oil as the most 
abundantly produced oil worldwide (Khosla, 2011). Palm olein and palm stearin are two major 
fractionation products of palm oil, with unique fatty acid compositions (Table 3.1). Unsaturated 
oils are generally more prone to oxidation than saturated oils, generating more fatty acid alkyl 
radicals (Aladedunye et al., 2017). Rats showed significant deteriorated histomorphometric 
parameters when fed soybean oil as compared to palm oil (Shuid et al., 2007). 
The aim of this study was to evaluate the influence of oil type in repeated deep-fat frying, 
permitting assessment of optimizing frying oil selection. Soybean oil and palm oil fractions were 
evaluated for color, total polar compounds (TPC), peroxide values (POV), p-Anisidine values 
(PAV) and free fatty acids (FFA) during intermittent frying of French fries. 
3.2 Materials and methods 
3.2.1 Materials 
Soybean oil and Russet potatoes were purchased from US Foods, Inc. (Rosemont, IL, USA). 
Refined, bleached and deodorized (RBD) fractions of palm oil: palm olein and palm stearin were 
graciously provided by Archer Daniels Midland Company (Chicago, IL, USA). Prior to 
utilization, potatoes were stored at room temperature; they were used within four days of 
purchase. Electric countertop fryers (Vollrath Deep Fryer 13-004) were obtained from Vollrath 
Company (Sheboygan, WI, USA). All other chemicals were obtained from Fisher Chemical 
Company (Hampton, NH, USA) and Sigma Aldrich (Saint Louis, MO, USA). 
3.2.2 Frying procedures 
Frying trials were conducted in the kitchen of the Food Science and Human Nutrition Pilot 
Processing Plant at the University of Illinois at Urbana-Champaign. Four fryers were utilized, 
each with 15 lbs of the following oils: Two fryers contained soybean oil, one contained palm 
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olein and another contained palm stearin. All fryers were heated to 180 ± 5°C before frying. One 
of the fryers with soybean oil was heated continuously, without introducing food, to serve as a 
control. Potatoes were washed and cut into strips (1cm wide and 10-15 cm long) using a French 
fry cutter. Frying was performed over three days and fresh potato strips were fried for up to 100 
cycles without replenishment of oils. For each cycle, approximately 400 g potato strips were 
fried (11 min) to a previously determined optimal doneness based on eating quality and final 
temperature (Ru Shen, personal communication). The total weight of potatoes fried was 40 kg 
for each fryer and the total frying time was 1100 minutes. Samples were taken at 0, 5, 10, 20, 30, 
40, 50, 60, 70, 80, 90, 100 cycles. Oil samples (~ 250 ml) were collected into amber bottles and 
stored at -20°C for future analysis. Potato samples were stored in Ziploc bags ™ in the dark at -
20°C.  
3.2.3 Measurement of color 
Color of the oil samples was measured using a Hunter Colorimeter (HunterLab, Reston, 
USA) on a L*, a* and b* scale. The L* value indicates the level of lightness, where 100 
indicates white and 0 indicates black. The a* value is on the redness and greenness scale, 
where positive number indicates red and negative number indicates green. The b* scale 
indicates the level of blueness and yellowness, where positive values indicate yellow and 
negative values indicate blue. 
3.2.4 Analysis of polar materials 
The official standard method of measuring polar compounds is Official Method Cd 20-91 of 
American Oil Chemists’ Society (AOCS, 1999). However, column separation is time consuming. 
A significant correlation between absorbance of frying oils and duration of frying was found (Xu, 
2000). The equation was y = -2.7865x
2
+23.782x-1.039, where x is the spectrophotometric 
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absorbance of the oils at 490 nm and y is the content of total polar compounds (TPC). Each 
sample was tested at least three times in a disposable standard semi-micro cuvette by a UV-
visible spectrophotometer (Fisher, Hampton, NH, USA). 
3.2.5 Measurement of peroxide value 
During deep frying, peroxides are produced as a result of oil degradation and oxidation of 
unsaturated fatty acids. Peroxide value was determined by the AOAC Official Method 28.022-3 
(AOAC, 1990). Oil samples (5.00 ± 0.05 g) were dissolved in a mixture of 30 ml acetic acid and 
chloroform (3:1). Saturated potassium iodide (0.5 ml) was added with one-minute of thorough 
shaking. Titration was performed using 0.1 N sodium thiosulfate, with 0.5 ml 1% starch solution 
as an indicator. Blue color disappearance indicated the end of titration. The peroxide value (POV) 
(meq peroxide/kg sample) was calculated using the following formula:  
            
        
 
 
S: consumption of 0.1 N sodium thiosulfate (blank corrected) 
N: normality of sodium thiosulfate solution 
m: sample mass in grams 
3.2.6 Measurement of p-Anisidine value 
During frying, hydroperoxides decompose to form aldehydes and other components, major 
undesirable secondary oxidation products, due to lipid oxidation. Aldehydes were measured by 
p-Anisidine value, which indicates the extent of secondary oxidation reactions. This p-Anisidine 
value was determined by Official Method Cd 18-90 of American Oil Chemists’ Society (AOCS, 
1999). Oil samples (1.0 g) were diluted in 25 ml hexane. Absorbance of the solution (Ab) was 
measured at 350 nm with hexane as a blank. Then 1 ml p-Anisidine reagent was added into 5 ml 
of the oil solution and 5 ml of the hexane solvent. After 10 min, absorbance (As) was measured 
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again, using the blank containing hexane and reagent. p-Anisidine value was given by the 
following formula: 
    
              
 
 
As: absorbance of oil solution after reaction with p-Anisidine reagent 
Ab: absorbance of oil solution 
m: mass of the oil sample in grams. 
3.2.7 Analysis of hydrolysis 
Free fatty acids are produced as a result of glycerolipid hydrolysis; thus, measurement of 
free fatty acids can be used to indicate the extent of lipid degradation in frying oils. Free fatty 
acid value was determined by Official Method Ca 5a-40 of the American Oil Chemists’ Society 
(AOCS 1999). Oil samples (7.05 ± 0.05 g) were diluted by 75 ml hot, neutralized alcohol and 2 
ml Phenolphthalein was added as an indicator. Titration was conducted using 0.01 N sodium 
hydroxide. A permanent pink color of the solution indicates all the acids have been neutralized 
by alkali. The percentage of FFA was calculated as oleic acid in soybean oil and expressed as 
palmitic acid in palm oil. 
                 
       
      
     
                        
       
      
     
FFA: percent free fatty acid (g/100g) 
V: volume of standard alkali titrant (ml) 
N: Normality of alkali titrant (mol/1000ml) 
m: sample mass in grams 
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3.2.8 Measurement of fat content 
Oil content of the food was measured by a modified Soxhlet extraction-based method 991.36 
(AOAC, 1995). Samples (3-5 g) were dried and ground before putting into the wrapped paper 
filter. Sample mass was measured before Soxhlet extraction (m1). Petroleum ether (250 ml) was 
recommended to bottles and heated on the heating mantle. Cooling water was connected to the 
Soxhlet apparatus. After 7 hours of heating with a drip rate of 3-4 drops per second, samples 
were taken out and dried in exhaust hood followed by drying in the oven at 60°C. Reweigh the 
sample to get the post extraction weight (m2). The fat content was calculated using the following 
formula: 
     
     
  
      
m1: weight before extraction 
m2: weight after fat extraction 
3.2.9 Statistical analysis  
All measurements were carried out in triplicate. Data were statistically analyzed by one-
way ANOVA using SPSS 15.0 software. Significance level was set at 0.05. 
3.3 Results and discussion 
3.3.1 Color 
Color serves as an important parameter to evaluate the acceptance of frying oils. Many polar 
materials produced during thermal oxidation increase the oil color intensity (Blumenthal, 1991). 
Browning reactions, such as Millard reaction and caramelization, also contribute to the darkening 
of the frying oil (Gutierrez et al., 1988). 
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An obvious visual color change was observed (Figure 3.1). Color was translated into 
quantitative data, followed by plotting into a L*a*b* 3D coordinate (Figure 3.2). Lightness 
decreased with the frying time, demonstrated by L* (Figure 3.3). The heated control shows 
much less darkening than soybean oil, indicating that introducing food into the system will 
dramatically enhance the color darkening. All the oils experienced an increasing trend for a*, 
suggesting a tendency towards red (Figure 3.4). Palm olein had the highest a* value, but a 
similar value with soybean oil was found at 100 cycles. For the b* parameter, an increase was 
observed for control oil and soybean oil (Figure 3.5). Soybean oil increased at a higher rate, 
from 11.74 at the beginning to 29.40 after 70 cycles. Palm olein fluctuated greatly with respect to 
b* value. Palm stearin did not change in color over 100 cycles (Figure 3.2). Sample properties 
may influence color measurement (Wrolstad & Smith, 2010). Light reflection would happen for 
opaque samples whereas transparent samples primarily transmit light. As the color measurement 
was conducted at 25°C, control oil, soybean oil and palm olein were in a clear liquid state while 
palm stearin remained solid at room temperature, showing less color changes in L*, a* and b* 
values.   
3.3.2 Total polar compounds 
Formation of polar compounds is closely related to the primary and secondary oxidation 
products produced in frying, indicating the extent of oil deterioration. Total polar compounds 
(TPC) of all oils increased with frying time (Figure 3.6). Xu et al. (1999) suggested that a strong 
correlation exists between TPC in frying oils and frying time. Initial TPC were similar for all oils, 
ranging from 2.79 to 4.6%. The rate of TPC formation and accumulation was different for each 
oil; after 50 cycles of frying, there was a significant difference in TPC concentration (p ≤ 0.05; 
Table 3.2). After 1100 minutes, the TPC reached: 3.91, 12.09, 12.28 and 8.08% in control, 
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soybean oil, palm olein and palm stearin, respectively (Table 3.2). Palm olein had higher 
concentration of polar compounds compared to soybean oil; however, there was no significance 
difference between these two oils after 100 cycles of frying (p ≤ 0.05). Palm stearin showed high 
oxidative stability with much lower concentration of polar compounds as well as a slower 
increase rate. The heated control with no food experienced the least changes in TPC (Figure 3.6).  
Total polar compounds serve as a regulatory parameter of frying oil quality in certain 
countries.  Typically, the recommendation is to replace the oil when TPC exceeds 25% 
(Dobarganes & Márquez‐Ruiz, 2013).  After 100 cycles of frying, none of the oils exceed the 
limit of 25%.  
3.3.3 Peroxide value  
Peroxide values fluctuate greatly with frying time (Figure 3.7). Peroxide value increases as 
hydroperoxides are produced during frying and represent primary oxidation products of 
unsaturated fatty acids. Additionally, hydroperoxides are highly unstable (Nawar, 1984). 
Compared to control oils, all oils showed a higher content of peroxides. However, at 100 cycles, 
there was no significant difference between soybean oil and the control (p≤ 0.05; Table 3.3). 
This phenomenon could occur as the rate of peroxide decomposition is higher than their rate of 
production. Higher peroxide values for palm olein and palm stearin compared with soybean oil 
were found. This phenomenon may be attributed to the continuous accumulation of peroxides 
with little decomposition in palm olein and palm stearin, while soybean oil showed a much faster 
rate in breaking down hydroperoxides. Under high temperatures, peroxides decompose to form 
aldehydic compounds, causing peroxide value to decrease. Park and Kim (2016) also showed the 
fluctuation of peroxides for soybean oil during frying. During deep-fat frying, the high instability 
 30 
of hydroperoxides make POV a much less valuable parameter for measuring oil degradation and 
oxidation. 
3.3.4 p-Anisidine value 
p-Anisidine value indicates the degree of secondary oxidation reactions. It determines the 
amount of aldehyde compounds formed as a consequence of decomposition of hydroperoxides. 
p-Anisidine value increased with the number of cycles (Figure 3.8). Different from initial 
oxidation product, p-Anisidine value exhibited great linear relationships for all oils especially the 
heated control (R
2
=0.99545; Figure 3.8). Soybean oil showed much higher p-Anisidine value 
compared with palm olein and palm stearin, indicating a fastest rate for accumulating secondary 
oxidation products. Palm stearin presented a high oxidative stability followed by palm olein. 
After 100 cycles of frying, there was no significant difference between palm stearin and control 
oil (p≤ 0.05; Table 3.4).   
Oils with higher degrees of unsaturation tend to show more degradation in frying of potato 
chips (Masson et al., 2002). In comparision with palm olein, a higher p-Anisidine value was 
observed for soybean oil after repeated frying of French fries (Fernández-Cedi et al., 2012). It 
could also be concluded that p-Ansidine value is a better parameter to determine oxidative 
degradation of oil during repeated frying than peroxide value, due to its higher stability.  
Different edible oils also have different thermal properties (Miller et al., 1994). At 180°C, 
the heat transfer coefficients (W/m
2
C) for soybean oil and palm oil are close, which are 269.7 
and 261.0. During frying, neither the frying time or the oil type showed a significant influence on 
the thermal conductivity properties of the oils. 
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3.3.5 Free fatty acids 
After 100 frying cycles, FFA of the oils increased from 0.1 to 0.15% in control, 0.11 to 0.38% 
in soybean oil, 0.12 to 0.7% in palm olein and 0.03 to 0.48% in palm stearin (Figure 3.9). At 100 
cycles, none of the oils exceed the maximum discarding level, which is 0.9% in Belgium 
(Sebastian et al., 2014), indicting good performance during repeated frying. A fluctuation of FFA 
between 0.24 to 0.45% of palm olein was reported during 12 days of frying frozen French fries 
with filtered and recycled oils (Ismail, 2005). The different results obtained in Ismail’s 
experiment from the current study may be attributed to the refilling of fresh oil for the purpose of 
making up the loss.  
Free fatty acids (FFA) are produced as a consequence of hydrolysis. Oils with higher content 
of short and unsaturated fatty acids are prone to undergo hydrolysis under high temperature. It is 
used as a parameter to monitor the quality of frying oils (Choe & Min 2007). However, higher 
formation of FFA in palm olein than soybean oil was also observed (Figure 3.9). This could 
have occurred as ester bond hydrolysis is more common in oils with more shorter chain or 
medium chain fatty acids, e.g., palmitic acid (Fernández-Cedi et al., 2012). Water is more 
accessible to short-chain fatty acids for hydrolysis (Nawar, 1969). The hydrolysis rate for palm 
stearin was much lower than soybean oil and palm olein at 50 cycles of frying and according to 
the one-way ANOVA results, there was no significant difference in FFA between palm stearin 
and soybean oil at 100 cycles (Table 3.5).  
3.3.6 Fat content 
Fat content in French fries vary from 10 to 20% (Figure 3.6).  No obvious pattern was 
found between fat content and the number of frying cycles. During frying, water evaporates out 
of the foods with the formation of voids inside. The content of oils being uptaken largely 
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depends on the moisture content of the food (Mellema, 2003). From the results, there was no 
significant difference in fat content among different kinds of oils.  
3.4 Conclusion 
As expected, significant changes were observed for oils with increase in frying time. Most 
chemical and physical parameters indicate rapid degradation in frying oils with food as 
compared to heated control oils. The results also suggest there is high instability of peroxides as 
reflected by the variable POV. Total polar compounds (TPC) and p-Anisidine value (PAV) are 
acceptable as good indicators to evaluate oil quality in repeated frying.  
Palm stearin showed higher oxidative stability in TPC and PAV. However, considering the 
high melting point of palm stearin, it may not be a good choice as solidification of oils on the 
surface of fried potato strips was observed during cooling. Palm olein was equivalent to or better 
than soybean oil after 100 cycles frying of French fries. After 100 cycles of frying, none of the 
oils exceed the limit of 25% of TPC, showing comparatively good frying potential. Considering 
the availability in large amount and comparatively low price, the dominant status of palm olein 










3.5 Figures and tables 
Figures 
Figure 3.1. Visual change in color of frying oils over 100 cycles. 
From top to bottom: heated soybean oil (Ctrl), soybean oil fried with potatoes (SP), palm olein 



















































































































Table 3.1. Fatty acid composition (%) of soybean oil, palm olein and palm stearin  
 Soybean (Poth, 2001) Palm olein (Ycw, 2014) Palm stearin (Ycw, 2014) 
C16:0 10 41 47-74 
C18:0 4 4 4-6 
C18:1 23 31 16-37 
C18:2 51 12 3-10 
C18:3 7-10 - - 
S/U* 0.167- 0.172 1.047 1.085- 4.211 
*Saturated to unsaturated fatty acid ratio 
 
 
Table 3.2. Change in total polar compounds (TPC) during frying*.  
Frying cycles TPC (%) 




























Total polar compounds (%) (mean ± standard error). 
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Table 3.3. Change in peroxide value (POV) during frying
*
.  
Frying cycles   POV (meq/kg) 




























Peroxide value (mean ± standard error).   
a-d 






Table 3.4. Change in p-Anisidine value (PAV) during frying*.  
Frying cycles PAV  




























p-Anisidine value (mean ± standard error).  
a-d 







Table 3.5. Change in free fatty acids (FFA) during frying*.  
Frying cycles FFA (%) 




























Free fatty acids (%) (mean ± standard error).   
a-d 





Table 3.6. Fat content (%) of French fries fried in soybean oil, palm olein and palm stearin 
Frying cycles Soybean oil Palm olein Palm stearin 
10 13.88% 10.71% 11.55% 
40 12.07% 12.95% 12.74% 
70 20.05% 15.16% 14.04% 
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Chapter 4 Effect of beta-carotene in deep-fat frying 
4.1 Introduction 
Edible oils are generally composed of over 95% triacylglycerols and minor components, e.g., 
hydrocarbons, phytosterols, tocochromanols, ubiquinones and carotenoids (Goh et al., 1985). 
Frying stability is significantly influenced by the composition of the oils (Shahidi, 2003). Some 
minor components such as ascorbic acid, tocopherols, rosemary and carotenoids could serve as 
natural antioxidants.  
Antioxidants are defined as compounds that could inhibit, delay or prevent oxidative 
deterioration in food (Halliwell & Gutteridge, 2015). Carotenoids are a family of over 600 kinds 
of fat-soluble compounds present in many fruits and vegetables (Rodriguez-Amaya, 2015). 
Carotenoids serve as antioxidants by quenching singlet oxygen (Ramel et al., 2012) or 
scavenging free radicals (Young & Lowe, 2001). It was estimated that the demand for 
carotenoids would increase dramatically due to the potential health-promoting properties (Strati 
& Oreopoulou, 2014). The activity of quenching singlet oxygen has a positive relationship with 
the number of conjugated double bounds in the structure of carotenoids (Beutner et al., 2001). 
The sequence for radical scavenging activity is: lycopene > β-carotene > lutein > α-carotene > 
astaxanthin (Miller et al., 1996).  
Palm oil is one of the richest sources of carotenoids, with β-carotene accounting for 56% and 
α-carotene accounting for 35% (Ooi et al., 1994). β-carotene (Figure 4.1; Miller et al., 1996) is 
one of the most extensively studied carotenoids, showing activity in quenching lipid peroxyl 
radical (Miller et al., 1996). α-carotene, β-carotene and cryptoxanthin are known as provitamin A, 
with β-carotene showing the most provitamin A activity (Hendler & Rorvik, 2008). However, 
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during storage and processing, carotenoids are easily decomposed during refining, bleaching and 
deodorization (Zou et al., 2012). 
The main objective of this study was to evaluate the effect of β-carotene in frying oils during 
repeated deep-fat frying. The content of carotenoids in crude palm oil ranges from 500 to 700 
ppm (Goh, Choo & Ong, 1985). Crude palm oil was mimicked by adding ~5 grams β-carotene 
into 15 pounds of refined, bleached and deodorized (RBD) palm olein. Frying oils were analyzed 
for color, total polar compounds (TPC), peroxide values, p-Anisidine values and free fatty acids 
(FFA) during continuous frying of French fries. 
4.2 Materials and methods 
4.2.1 Materials 
Russet potatoes were purchased from US Foods, Inc. (Rosemont, IL, USA). Refined, 
bleached and deodorized palm olein was provided by Archer Daniels Midland Company 
(Chicago, IL, USA). Beta-carotene (99%) was purchased from Alfa Aesar (Ward Hill, MA, 
USA). All other chemicals were obtained from Fisher Chemical Company (Hampton, NH, USA) 
and Sigma Aldrich (Saint Louis, MO, USA). 
4.2.2 Frying procedures 
The second frying trial was conducted in the kitchen of the Food Science and Human 
Nutrition Pilot Processing Plant at the University of Illinois at Urbana-Champaign. Four fryers 
were utilized with 15 pounds of RBD palm olein (Table 4.1). Two of the fryers each contained 
4.9±0.05 grams beta-carotene to mimic the properties of crude palm olein, one of which served 
as a heated control (Ctrl PB) and the other one with potato strips (POPB). There were another 
two fryers without beta- carotene, one with potato strips (POP) and the other served as a heated 
control (Ctrl P).  
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Similar to the first frying trial, 400 g potato strips were fried at 180 ± 5°C. Each cycle was 
11 minutes and oils were utilized until 100 cycles without replenishment. Food and oil samples 
were collected every ten cycles.  
4.2.3 Measurement of color 
As stated in the last chapter, oil color was measured by Hunter Colorimeter (HunterLab, 
Reston, USA) on a L*, a* and b* scale.  
4.2.4 Analysis of polar materials 
Total polar compounds were measured by the Official Method Cd 20-91 of the American 
Oil Chemists’ Society (AOCS, 1999). Glass wool was introduced into the bottom of the column 
and column was filled with a slurry of 25 g silica gel in elution solvent (petroleum and diethyl 
ether 87/13, (v/v)). A layer of sea sand was added and 2.5 ± 0.01 g of sample was dissolved in a 
50-ml volumetric flask. Sample was introduced into the column. Nonpolar compounds were 
eluted with 150 ml of elution solvent and were collected in a dry, clean and pre-weighted flask. 
Rotary evaporation was used to distillate the solvent and the weight was measured after 
introducing nitrogen to completely dry the flask. The content of polar compounds was given by 
the following formula. 
     
    
 
     
TPC%: total polar compounds, %. 
m: mass of the sample contained in 20 ml of solution introduced into the column, g. 
m1: mass of non-polar fraction, g.  
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4.2.5 Measurement of p-Anisidine value 
p-Anisidine value was determined by Official Method Cd 18-90 of American Oil Chemists’ 
Society (AOCS, 1999).  
4.2.6 Analysis of hydrolysis  
Free fatty acid value was determined by Official Method Ca 5a-40 of the American Oil 
Chemists’ Society (AOCS 1999). 
4.2.7 Statistical analysis  
All measurements were carried out in triplicate. Data were statistically analyzed by one-
way ANOVA using SPSS 15.0 software. Significance level was set at 0.05. 
4.3 Results and discussion 
4.3.1 Color 
An obvious visual color change was observed in the frying oils (Figure 4.2). Lightness 
decreased with frying time, demonstrated by L* (Figure 4.3). Lightness of Ctrl P and POP (as 
defined in Table 4.1) shows a decreasing trend with frying time. L* value of Ctrl PB and POPB 
increased first and then decreased, which may be attributed to the degradation of β-carotene. 
Degradation of β-carotene could also be observed visually (Figure 4.2) or by a sharp reduction 
in a* value (Figure 4.4). The dramatic decrease was shown at 20 cycles for POPB whereas 40 
cycles for Ctrl PB, indicating a much faster degradation rate in oils fried with food. The redness 
of POP and Ctrl P increased with frying time with POP exhibiting higher a* value at the end of 
100 cycles. The b* value of POPB and Ctrl PB increased as the redness decrease, suggesting the 
color change towards yellowness. Fluctuations with respect to b* value were observed for POP 
and Ctrl P (Figure 4.5). Color of the frying oil is an important indicator of deterioration; many 
products with double bounds or carboxyl contribute to darkening of the oils (Min, Lin & Chang, 
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1975). Carotenoids are heat-sensitive, showing dramatic decrease after thermal treatment at high 
temperature of 70-105°C (Ahmed et al., 2002). Oxidation products of β-carotenes were found in 
heated palm oil, suggesting the loss of β-carotenes during frying (Wong, 1977).  
4.3.2 Total polar compounds 
An increase trend over 100 cycles for total polar compounds (TPC) was observed for all oils 
(Figure 4.6). After 100 cycles, TPC reached: 10.72, 17.38, 6.98 and 14.17% in Ctrl PB, POPB, 
Ctrl P and POP, respectively. After 50 cycles of frying, there was no significant difference 
among the oils (P > 0.05; Table 4.2). After 1100 minutes of frying, higher concentration of TPC 
was observed in oils fried with food than heated control, showing higher level of deterioration. 
There was a significant increase of TPC in oils with β-carotene after 100 cycles (P ≤ 0.05). This 
phenomenon may be attributed to the pro-oxidant effect of β-carotene at high concentration. It 
has been demonstrated that the antioxidant and pro-oxidant effect of β-carotenes shifted with 
changing of concentration (Sen Gupta & Ghosh, 2013). The activity of scavenging radicals may 
show an inverse effect at high concentration. It has been regulated by the U.S. Food and Drug 
Administration (FDA) that the total concentration of antioxidant alone or in combination should 
not exceed 0.02% of the weight of the lipid (Miková, 2001). Potential reasons for the pro-oxidant 
effect could be a higher rate of carotenoid autoxidation (Palozza, 1998). In many European 
countries, 24-27% TPC in frying oils is permitted for restaurant operations (Cam et al. 2019). 
After 100 cycles, none of the oils exceed this limit. 
4.3.3 p-Anisidine value 
p-Anisidine value (PAV) in the oils all increased significantly during frying (Figure 4.7). 
PAV indicates the degree of secondary oxidation reactions. PAV was the same in unused oils 
initially and after 220 minutes of frying, the PAVs were: 20.75, 44.45, 18.77 and 36.76 in Ctrl 
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PB, POPB, Ctrl P and POP, respectively (Table 4.3). Oils with β-carotenes, i.e., Ctrl PB and 
POPB, did not show higher stability compared with Ctrl P and POP. After 60 cycles of frying, 
there showed no significant effects of β-carotenes (P > 0.05). At the end of 1100 minutes of 
frying, POPB and POP performed similarly with PAV of 82.72 and 86.14 (P > 0.05; Table 4.3). 
It has been stated that exposure of carotenoids to sunlight could result photodegradation 
(Nagarajan, et al., 2017). β-carotenes is also noted as a thermal pigment which could be easily 
decomposed during heating treatment (Zou et al., 2012). With respect to PAV, β-carotenes 
exhibited little antioxidant activity in repeated deep-fat frying cycles. 
4.3.4 Free fatty acids 
Free fatty acids (FFA) are produced by hydrolysis of fatty acids. FFA formed during deep 
fat frying of French fries were similar in initial cycles and all oils increased FFA with frying time 
(Figure 4.8). After 100 cycles, FFA reached 0.17, 0.44, 0.14 and 0.73% in Ctrl PB, POPB, Ctrl P 
and POP, respectively (Table 4.4). There was no significant difference among all the oils at 20 
and 60 cycles, suggesting the effect of β-carotenes was negligible. The fast degradation 
carotenoids may account for this phenomenon. The loss of β-carotenes in palm oil when heated 
20 minutes at 180°C, 200°C and 240°C were 50, 70, 98%, respectively (Maclellan, 1983). The 
hydrolysis rate for heated control oils were much lower compared with fried oils with French 
fries, indicating introducing food was a more important factor to trigger oil deterioration than 
high temperature. 
4.4 Conclusion 
During 100 cycles of frying or heating, a series of chemical and physical changes were 
observed due to hydrolysis, oxidation and polymerization. Oils fried with foods exhibited much 
higher level of deterioration than the heated control oils. At the concentration of approximately 
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0.07%, which is equivalent to the total carotenoids in crude palm oil, β-carotene showed no 
significant protective effect. For PAV at 100 cycles, there was no significant difference between 
POPB and POP. Color change of the oil also showed that β-carotene is a heat-sensitive and light-
sensitive compound. As stated previously, β-carotene is unstable, prone to degrade under high 
temperature (Ahmed et al., 2002), thus oils could not effectively be protected from thermal 
deterioration.  
At 100 cycles, POP had significantly lower levels of TPC and FFA compared to POPB at the 
same conditions, indicating a pro-oxidant effect of β-carotene. As an antioxidant, β-carotene may 
shift to pro-oxidant at high concentration (Sen Gupta & Ghosh, 2013). It could be concluded that 
the antioxidant contribution of carotenoids was negligible under high temperature and exposure 














4.5 Figures and tables 
Figures 
Figure 4.1. Chemical structure of β-carotene (Miller et al., 1996). 
 
 
Figure 4.2. Visual change in color of frying oils over 100 cycles. 
From top to bottom: heated palm olein (Ctrl P), heated palm olein with β-carotene (Ctrl PB), 








Figure 4.3. Changes of color in L* parameter during 100 cycles of frying.  
Ctrl P: palm olein as a heated control; Ctrl PB: palm olein with beta-carotene as a heated control; 











Figure 4.4. Changes of color in a* parameter during 100 cycles of frying.  
Ctrl P: palm olein as a heated control; Ctrl PB: palm olein with beta-carotene as a heated control; 











Figure 4.5. Changes of color in b* parameter during 100 cycles of frying. 
Ctrl P: palm olein as a heated control; Ctrl PB: palm olein with beta-carotene as a heated control; 











Figure 4.6. Change in the total polar compounds during 100 cycles of frying. 
Ctrl P: palm olein as a heated control; Ctrl PB: palm olein with beta-carotene as a heated control; 











Figure 4.7. p-Anisidine value during 100 cycles of frying. 
Ctrl P: palm olein as a heated control; Ctrl PB: palm olein with beta-carotene as a heated control; 











Figure 4.8. Content of free fatty acids during 100 cycles of frying.  
Ctrl P: palm olein as a heated control; Ctrl PB: palm olein with beta-carotene as a heated control; 











Table.4.1. Four fryers in frying trial 
Fryer Oil Beta-carotene Food Abbreviation 
Control 1 Palm olein N.A. N.A. Ctrl P 
Control 2 Palm olein 4.9±0.05 gram N.A. Ctrl PB 
Fryer 1 Palm olein N.A. Potatoes POP 
Fryer 2 Palm olein 4.9±0.05 gram Potatoes POPB 
Ctrl P: palm olein as a heated control 
Ctrl PB: palm olein with beta-carotene as a heated control 
POP: palm olein fried with potatoes 




Table 4.2. Change in the total polar compounds (TPC) during frying*.  
Frying cycles TPC (%) 




























Total polar compounds (%) (mean ± standard error) 
a-d 
Different letters in the same row indicate statistical significance (p< 0.05)  
Ctrl P: palm olein as a heated control 
Ctrl PB: palm olein with beta-carotene as a heated control 
POP: palm olein fried with potatoes 





Table 4.3. Change in p-Anisidine value (PAV) during frying*.  
Frying cycles PAV 




























p-Anisidine value (mean ± standard error) 
a-d 
Different letters in the same row indicate statistical significance (p< 0.05) 
Ctrl P: palm olein as a heated control 
Ctrl PB: palm olein with beta-carotene as a heated control 
POP: palm olein fried with potatoes 




Table 4.4. Change in free fatty acids (FFA) during frying*.  
Frying cycles FFA (%) 




























Free fatty acids (%) (mean ± standard error) 
a-d 
Different letters in the same row indicate statistically significance (p< 0.05)  
Ctrl P: palm olein as a heated control 
Ctrl PB: palm olein with beta-carotene as a heated control 
POP: palm olein fried with potatoes 
POPB: palm olein with beta-carotene and fried with potatoes 
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Chapter 5 Summary and future direction 
5.1 Summary 
Throughout this study, the performance of soybean oil, palm olein and palm stearin during 
deep frying were examined. Palm stearin showed higher oxidative stability in TPC and PAV. 
Palm olein was equivalent to or better than soybean oil in TPC and PAV after 100 cycles frying 
of French fries. The role of β-carotene in frying was also studied by adding at a concentration 
equivalent to the total carotenoids in crude palm oil. Based on the results in Chapter 4, it is 
indicated that the β-carotene showed no antioxidant property, or an inverse effect at a 
concentration of ~0.07%. This study is novel for studying the frying performance of palm stearin 
and mimic the crude palm oil by adding β-carotene to refined, bleached and deodorized palm 
fraction. 
5.2 Future direction 
Based on the studies presented in this thesis, there are additional studies to be performed in 
the future. Results from Chapter 3 illustrates oils undergo great chemical alterations in frying 
process. The accumulation of specific undesirable compounds could be analyzed further to better 
understand how frying oils influence human health. For instance, trans fatty acids are produced 
by isomerization under high temperature, which are demonstrated to be carcinogenic in 
epidemiological studies; Acrylamide is also found in starch-based foods, especially French fries. 
Combination of different parameters could be analyzed, helping optimize regulations for frying 
process.   
Secondly, the role of β-carotene in palm oil during frying still needs analysis, which could 
be investigated by HPLC determination. The next steps could be comparing RBD palm olein 
with palm olein fractionated from crude palm oil.   
